Epitaxial ZnO thin films were grown on nitrided ͑0001͒ sapphire substrates with an intervening GaN layer by rf-plasma-assisted molecular beam epitaxy. It was found that polarity of the ZnO epilayer could be controlled by modifying the GaN interlayer. ZnO grown on a distorted 3-nm-thick GaN interlayer has Zn-polarity while ZnO on a 20-nm-thick GaN interlayer with a high structural quality has O-polarity. High resolution transmission electron microscopy analysis indicates that the polarity of ZnO epilayer is controlled by the atomic structure of the interface between the ZnO buffer layer and the intervening GaN layer.
As a wide band gap semiconductor with a large exciton binding energy of 60 meV at room temperature, ZnO has attracted much research attention in the past decade due to its potential applications in short wavelength optoelectronic devices.
1-3 One important issue in ZnO research is the control of polarity. The polarity of ZnO can affect its growth behaviors, crystalline quality, optical, and electrical properties. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Polarity control is also important for making p-type ZnO because the incorporation and doping efficiency of the p-type dopants such as nitrogen are affected by the polarity. 14 Polarity control of ZnO has been reported for epitaxial ZnO films grown on Ga-and N-polar GaN templates, nitrided sapphire, and MgO/ Al 2 O 3 , etc. [4] [5] [6] [7] [8] [9] [10] [11] Although each group uses different methods to control the polarity, a commonly accepted method is to control the interfacial structure between ZnO and the underneath buffer layers or substrates. The polarity of ZnO is usually determined by the initial nucleation and will not change during the subsequent ZnO epitaxial growth. We previously reported that the polarity of ZnO epilayer was determined by the interface between nitrided sapphire and the ZnO buffer layer. The polarity of ZnO epilayer follows that of the ZnO buffer layer and will remain the same even when growth conditions are changed. 5 We also reported that the quality and surface smoothness of ZnO can be improved using a thin GaN interlayer in comparison with ZnO grown on nitrided sapphire. 15, 16 In this work, we report that the polarity of ZnO can also be controlled by modifying the microstructure of the interface between the low temperature ZnO buffer layer and the intervening GaN layer.
ZnO films were grown on nitrided c-sapphire substrates by rf-plasma-assisted molecular beam epitaxy at Chiba University. The surface of sapphire substrate was nitrided by nitrogen plasma for 2 h at 400°C with an rf power of 520 W and a nitrogen flow rate of 1.6 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒. The substrate temperature was then increased to 650°C for the growth of GaN interlayer. The GaN layer was annealed at 880°C for 20 min. The substrate temperature was subsequently decreased to 400°C to grow a 20-nm-thick ZnO buffer layer. Finally, the temperature was increased to 680°C for the growth of epitaxial ZnO thin films with a thickness of ϳ1 m. Following samples with 3 and 20-nm-thick GaN interlayers were studied in this work: ZnO/3-nm-GaN and ZnO/20-nm-GaN. The GaN interlayer in the ZnO/3-nm-GaN sample was grown under highly N-rich condition ͑Ref. 15͒ which showed spotty reflection high-energy electron diffraction ͑RHEED͒ pattern after growth and a rough surface with island structure as investigated by atomic force microscopy ͑AFM͒. On the other hand, the GaN interlayer in the ZnO/20-nm-GaN sample was grown under Ga-rich condition by migration enhanced epitaxy method, where streaky RHEED pattern was observed after growth and a smooth surface was confirmed by AFM measurement.
The polarity of ZnO epilayer was determined by the coaxial impact collision ion scattering spectroscopy ͑CAICISS͒ and also confirmed by chemical wet etching in 0.05% HCl solution at room temperature. 5 Microstructure of ZnO was investigated by high resolution transmission electron microscopy ͑HRTEM͒.
15 Figure 1 shows the experimental CAICISS spectra of the ZnO/20-nm-GaN and ZnO/3-nm-GaN samples together with simulated spectra for ZnO in both polarities. The simulated CAICISS spectrum of Zn-polar ZnO is dominated by three peaks at = 22°, 48°, and 72°. The simulated CAICISS spectrum of O-polar ZnO consists of six peaks at = 16, 22°, 32°, 52°, 68°, and 72°, where the intensity of peak at 52°is much weaker than others. As shown in Fig. 1 , the experimental CAICISS spectrum of ZnO/20-nm-GaN shows the similar shape as the simulated spectrum of the O-polar ZnO with six peaks at = 16°, 22°, 32°, 50°, 68°, and 72°, respectively, indicating that the ZnO/20-nm-GaN is O-polar. The observed peak at = 50°shows much stronger intensity than that in the simulated spectrum, which is probably due to that the surface of ZnO layer is not as perfect as the theoretical model. This slight discrepancy between experimental and simulated results does not affect the conclusion that the sample is O-polarity. On the other hand, the measured CAICISS spec- trum of the ZnO/3-nm-GaN is similar to the simulated spectrum of the Zn-polar ZnO, showing that the ZnO/3-nm-GaN is Zn-polar. Since the growth condition and procedure of the ZnO buffers and the subsequent ZnO epilayers are the same for both samples, it is concluded that the polarity of ZnO is influenced by the difference between the 20-nm-thick and 3-nm-thick GaN interlayers.
To understand this effect of the GaN interlayer on the polarity of ZnO, both samples were investigated by HRTEM. Figures 2͑a͒ and 2͑b͒ show the cross-sectional TEM images of ZnO/20-nm-GaN and ZnO/3-nm-GaN, respectively. X-ray energy dispersive spectroscopy was used to identify the layers. 17 As shown in Fig. 2 , the thickness of GaN interlayer is about 20 nm in the ZnO/20-nm-GaN sample and 3 nm in ZnO/3-nm-GaN, corresponding well with the estimated values by gallium and nitrogen beam fluxes during growth. Stacking faults and other defects are observed in ZnO. One can see that the crystalline quality of the 20-nm-GaN layer is much higher than that of the 3-nm-GaN layer. This difference is more clearly seen in the HRTEM images from the interface between ZnO and GaN as shown in Figs. 3͑a͒ and  3͑b͒ . The 20-nm-GaN layer has a high structural quality and an atomically sharp ZnO/GaN interface. On the other hand, the 3-nm-GaN layer has disordered structure and the atomic structure at the interface between ZnO and GaN is highly distorted. In addition, TEM analysis shows that both the 20-nm-GaN and the 3-nm-GaN layers have the hexagonal wurtzite structure. The epitaxial relationships for both samples are ZnO͑0001͒ ʈ GaN͑0001͒ ʈ Al 2 O 3 ͑0001͒ and ZnO͓1120͔ ʈ GaN͓1120͔ ʈ Al 2 O 3 ͓1010͔, which is consistent with the RHEED patterns observed during growth.
In our experiment, high temperature GaN epilayers have been grown on the 20-nm-GaN and 3-nm-GaN interlayer which all showed N-polarity, indicating that both 20-nmGaN and 3-nm-GaN are N-polar. Therefore, the perfect and ordered atom configuration at the interface between ZnO and GaN in the ZnO/20-nm-GaN indicates that ZnO just follows the cation-polarity of the GaN interlayer, i.e., O-polar ZnO is obtained on the N-polar GaN. The question is why the ZnO/ 3-nm-GaN is Zn-polarity. It has been reported that thin cubic nitride layers such as cubic AlN and CrN resulted in Znpolar ZnO. 6, 8, 9 Obviously, this is different from our results because the 3-nm-GaN does not show cubic structure from TEM and RHEED observations.
The difference between the epitaxy of ZnO and GaN on the GaN interlayers is that the GaN growth is homoepitaxy while the ZnO growth is heteroepitaxy. In the GaN homoepitaxy, it is natural that the same atomic configuration as that of GaN interlayer is followed. On the other hand, in the heteroepitaxial ZnO on the GaN interlayers, oxygen atoms can bond with both gallium and nitrogen atoms and they may also replace nitrogen atoms in the GaN interlayer. This implies that the initial growth stage of ZnO or the interface between the ZnO and the GaN interlayer plays a key role in the polarity control. This situation is very similar to the reported Zn-polar ZnO grown on nitrided sapphire, where a very thin amorphous layer was formed at the initial growth of ZnO due to the stronger Al-O bond than Al-N and the partial replacement of nitrogen atoms by oxygen atoms. Znpolar ZnO is more thermodynamically stable than O-polar one on the amorphous layer at the low growth temperature, resulting in Zn-polar ZnO. 5 Since the crystalline quality of 3-nm-GaN is not good, some nitrogen atoms may be replaced by oxygen atoms at the initial growth stage leading to disordered structure at the interface as shown in Figs. 2 and 3. On this interface with disordered structure, Zn-polar ZnO is also more thermodynamically stable than O-polar one at low growth temperature and leads to the epitaxy of Zn-polar ZnO. On the other hand, since the 20-nm-GaN shows good crystalline quality and well-ordered atomic configuration, it needs high energy and becomes difficult for oxygen atoms to replace nitrogen atoms. Therefore, the atom configuration at the interface is quite perfect as shown in Fig. 3͑a͒ so that the polarity of ZnO/20-nm-GaN just follows that of the GaN interlayer resulting in O-polarity. In other words, the quite perfect atom configuration at the interface on the wellordered 20-nm-GaN leads to O-polar ZnO while the distorted atom configuration at the interface on the disordered 3-nm-GaN results in Zn-polar ZnO.
To further confirm this, we have investigated the atomic structure under an inversion domain in the ZnO/20-nm-GaN as shown in Fig. 4 . As we know, the polarity of the inversion domain is opposite to the polarity of ZnO, i.e., the inversion domain is Zn-polar in the O-polar ZnO/20-nm-GaN. It is clear that the inversion domain nucleates at the interface between ZnO and GaN. The atomic configuration at the interface between the inversion domain and the GaN interlayer is chaotic and that of the GaN under the inversion domain is also disordered; while the atomic structure at the interface of other regions is more perfect and the GaN also shows wellordered structure. Since the 20-nm-GaN interlayer is not completely uniform, the crystalline qualities in some regions are not good and exhibit disordered atomic structure so that oxygen atoms can replace nitrogen atoms at the initial growth of ZnO. As a result, the Zn-polar inversion domains forms on these regions while the ZnO grown on the wellordered GaN shows O-polarity which is the dominant one in ZnO/20-nm-GaN.
In summary, polarity of ZnO was selected by controlled growth of the GaN interlayer on nitrided sapphire substrate. Zn-polar ZnO was obtained on the disordered 3-nm-GaN interlayer due to that Zn-polar ZnO was more thermodynamically stable than O-polar one on the chaotic interface between ZnO and GaN at low growth temperature. On the other hand, O-polar ZnO was achieved on the well-ordered 20-nm-GaN interlayer due to the perfect atomic configuration at the interface between ZnO and GaN. The advantage of this method is the following: ͑1͒ the polarity of ZnO is well controlled by modifying the growth parameters of the GaN layer; and ͑2͒ the quality of ZnO can be improved due to the same lattice structure and the small lattice mismatch between ZnO and GaN.
